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In order to combine advantages of ZnO thin film transistors (TFTs) with a high on-off ratio and graphene 
TFTs with extremely high carrier mobility, we present a facile methodology for fabricating ZnO thin film/ 
graphene hybrid two-dimensional TFTs. Hybrid TFTs exhibited ambipolar behavior, an outstanding 
electron mobility of 329.7 ± 16.9 cm 2 /V - s, and a high on-off ratio of 10 5 . The ambipolar behavior of the 
ZnO/graphene hybrid TFT with high electron mobility could be due to the superimposed density of states 
involving the donor states in the bandgap of ZnO thin films and the linear dispersion of monolayer 
graphene. We further established an applicable circuit model for understanding the improvement in carrier 
mobility of ZnO/graphene hybrid TFTs. 

Together with the use of plastic substrates, solution processing for ZnO thin film transistors (TFTs) for 
flexible electronics has recently attracted attention owing to their light weight, low cost, transparency, and 
flexibility 1 . Unfortunately, it is widely recognized that the bottleneck of solution processed ZnO TFTs is the 
low carrier mobility. To overcome this problem, enormous efforts related to doping metal oxides with various 
metals have been undertaken 2 4 . Meanwhile, graphene, a two-dimensional sp 2 bonded honeycomb lattice of 
carbon atoms, has emerged as a fascinating material for applications in next-generation nanoelectronics due 
to its high optical transmittance 5 , flexibility 6 , and extraordinary electronic properties, such as ambipolar con- 
ductance, ballistic transport over —0.4 urn in length, half- integer quantum Hall effect, and extremely high carrier 
mobility at room temperature 7 ". However, a limitation of graphene-based flexible TFTs is their semimetallic 
nature, specifically the gapless linear dispersion relation. 

In this study, we combined the advantages of ZnO TFTs with a high on-off ratio and graphene TFTs with 
extremely high carrier mobility for the realization of high-performance TFTs. Thus far, several approaches for the 
formation of semiconductor-graphene hybrid nanostructures have focused on applications in optoelectronics 
and photocatalysts 1018 . We established a facile methodology for fabricating high-performance ZnO/graphene 
hybrid TFTs and explored the origin of the improvement in carrier mobility of hybrid TFTs. 

Results 

Formation of ZnO/graphene hybrid nanostructure. The thickness of a ZnO film formed by 20 coating cycles is 
estimated to be ~72 nm (Fig. la). The ZnO thin film possesses a flat surface and uniform thickness. In addition, 
the thickness and the surface morphology of the ZnO film and the ZnO/graphene hybrid film are almost similar 
(Supplementary Fig. SI). The thickness of the ZnO film can be controlled by adjusting the number of coating 
cycles. Based on SEM observations, the ZnO film thicknesses were 22, 47 and 72 nm, corresponding to coating 
cycles of 5, 10, and 20, respectively (Supplementary Fig. S2). The formation of a ZnO/graphene hybrid film was 
implemented as follows. First, graphene was synthesized on Cu using a conventional TCVD system. The 
graphene film was transferred onto a Si0 2 (300 nm)/Si(001) substrate by a poly(methyl methacrylate) 
(PMMA)-assisted wet-transfer method. Solution-processed ZnO thin films with controlled thickness were 
spin-coated onto the graphene/Si0 2 /Si substrates. A schematic diagram of the ZnO/graphene hybrid film is 
shown (Fig. lb). The optical transmittances at 550 nm of graphene, ZnO (20 cycles), and ZnO (20 cycles)/ 
graphene are 97.1, 95.0, and 93.6%, respectively. Considering the opacities of monolayer graphene (2.3 ± 
0.1%) and ZnO thin film 519 , the synthesis of monolayer graphene and the formation of highly transparent 
ZnO/graphene hybrid films were manifested (Fig. lc). Hybrid materials are required for TFTs in transparent 
and flexible electronic applications. The Raman spectra of graphene and ZnO/graphene, exhibiting that the 
graphene fingerprints: the D-, G-, and 2D-bands were clearly observed (Fig. ld,e). The G-band is associated 
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Figure 1 | (a) SEM image for solution-processed ZnO thin film on Si0 2 (300 nm)/Si(001) substrate, (b) A schematic diagram of ZnO/graphene hybrid 
film, (c) Optical transmittance of graphene, ZnO, and ZnO/graphene. The inset compares the transmittance at 550 nm for different samples, (d) G-band 
and (e) 2D-band spectra with an excitation wavelength of 514 nm for graphene and ZnO/graphene hybrid film, (f) Evolution of the C Is core level spectra 
of ZnO/graphene hybrid film as a function of etching time. 



with a normal first order Raman scattering involving an electron and 
the doubly degenerated phonons (iTO and iLO) at the Brillouin zone 
center 20 . Furthermore, the 2D-band originated from an intervalley 
double resonance Raman process involving an electron and two iTO 
phonons at the K point 20 . The G- and 2D-bands experience a 
significant blueshift after the formation of the ZnO/graphene 
hybrid film. Together, the intensity ratio of the 2D- to G-band 
(WIg) significantly decreased from 2.72 ± 0.13 to 2.46 ± 0.08. 
The position of the G- and 2D-bands and the Tjd/Ig are 
summarized (Supplementary Fig. S3). These results can be 
adequately explained by a work function difference between the 
ZnO thin film (5.1-5.3 eV) and graphene (4.5-4.8 eV) 21 - 22 , which 
allowed electron charge transfer from graphene to ZnO. Moreover, 



the intensity ratio of the D- to G-band increased after the formation 
of the ZnO/graphene hybrid film, which is attributed to structural 
deformation of the sp 2 carbon network induced by ZnO/graphene 
hybridization (Supplementary Fig. S4). An evolution of the XPS C Is 
core level spectra of the ZnO/graphene hybrid film as a function of 
Ar + etching for depth profiling. The carbon contamination is 
observed only at the outermost surface. The sp 2 C-C bond and a 
small amount of C-O and C = 0 bonds for graphene were observed 
at etching time for 500 sec (denoted by blue arrows) 23 . Notably, an 
atomically abrupt interface between the ZnO thin film and graphene 
without the PMMA residue is found (Fig. If). Additionally, the Zn 
2p, Si 2p, and O 1 s core level spectra of the ZnO/graphene hybrid film 
were obtained (Supplementary Fig. S4). The shifts of the binding 
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Figure 2 | Schematic illustration of the device structure, including the bottom-gate configuration, 300 nm-thick Si0 2 gate dielectric, and 100 nm-thick 
Al source/drain contacts for (a) ZnO TFTs and (b) ZnO/graphene hybrid TFTs. (c) Output characteristic of ZnO TFTs at room temperature. Transfer 
characteristics of (d) ZnO TFTs, (e) electrochemically gate tuned graphene TFTs, and (f) ZnO/graphene TFTs. 



energy were observed in the core level spectra of Si 2p and O Is (Si-O 
bonding). This can be explained by band bending effects induced by 
the formation of ZnO/graphene. In contrast, there are no noticeable 
changes in a Zn-O bonding component in the core level spectra of 
O Is. 

Electrical transport properties of ZnO and ZnO/graphene TFTs. 

Schematics of the ZnO and ZnO/graphene hybrid TFTs are depicted 
(Fig. 2a,b). The ZnO thin film and ZnO/graphene hybrid film 
were both used as the channel and heavily p-doped silicon wafers 
were employed as the gate electrode. The gate dielectric layer is 



300-nm-thick Si0 2 . Aluminum (100 nm-thick) source and drain 
electrodes were deposited by thermal evaporation through a 
shadow mask. The channel length and width are 200 and 
1735 (im, respectively. All transistors were measured in the dark 
under ambient conditions. Drain current (I D s)-drain voltage (V DS ) 
relations at various gate voltages (V GS ), revealing that a typical 
accumulation mode n-channel transistor behavior can be seen: a 
linear regime and a saturation regime are both observed (Fig. 2c). 
A representative transfer characteristic (Ids~Vgs) at V D s = 80 V of 
the ZnO TFTs is shown (Fig. 2d), exhibiting unipolar n-channel 
transistor behavior with an on-off ratio of 10 s . For comparison, we 
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Figure 3 | Plot of the u FE vs. ZnO thin film doped with various materials: (a) previously reported materials and (b) the p,, and |r h for the ZnO thin film, 
thickness-controlled ZnO/graphene, and graphene (this work), (c) Relationship between Pzno/graphene an d graphene depth in the ZnO/graphene hybrid 
film, (d) Schematic diagrams of the conducting path of charged particles in ZnO/graphene hybrid TFTs and the simplified circuit diagrams of the 
nanostructured ZnO/graphene hybrid TFTs. 



also fabricated electrochemically-gated graphene TFTs 24 because it is 
difficult to observe the charge-neutral Dirac point (CNDP) in the 
transfer curve for graphene-based TFTs with a bottom gate 
configuration (Supplementary Fig. S5) 25 . The transfer curve of the 
electrochemically-gated graphene TFTs at V DS = 0.1 V exhibits 
ambipolar behavior with an on-off ratio of 1.21 and a CNDP at 
0.2 V due to the unintentional p-type doping of graphene from 
water molecules (Fig. 2e) 26 . This unintentional doping also caused 
an asymmetric maximum I DS of electrons and holes in the ON state. 
Interestingly, the ZnO/graphene hybrid TFT shows clear ambipolar 
behavior with an on-off ratio of 10 5 , as shown (Fig. 2f). The off cur- 
rent state of the ZnO/graphene hybrid TFT decreases significantly 
compared with that of the graphene TFT. This transistor behavior 
can be observed at Vds = 0.1 V, whereas the ZnO TFT did not 
exhibit switching behavior at V DS = 0.1 V (not shown here). 

Discussion 

In general, an ambipolar device is hole conducting (p channel) when 
a negative V G s is applied and is electron conducting (n channel) 
when a positive V GS is applied. The transfer characteristics reflect 
the density of states (DOS) near the Fermi level of channel materials. 
We believe that the ambipolar behavior of the ZnO/graphene hybrid 
TFT can be adequately explained by the superimposed DOS invol- 
ving the donor states in the bandgap of the ZnO thin film and the 
linear dispersion of monolayer graphene with an electron energy 
E(k) = Hvpk, where v F is the Fermi velocity and k is the electron wave 
vector. Along these lines, the conduction of electrons in the ZnO/ 



graphene hybrid TFT is greater than that of the holes, unlike unin- 
tentionally p-type doped graphene-based TFTs. It is notable that 
previous studies on the transfer characteristics of carbon nanotube 
p-n junction diodes 27 and p-n junctions in liquid-gated ambipolar 
MoS 2 transistors 28 also revealed a combined feature of the donor 
states in the bandgap of n-type semiconductors and the acceptor 
states in the bandgap of p-type semiconductors, namely, ambipolar 
behavior. 

Based on the transfer curves, the field effect mobilities (/j^b) were 
calculated by the relationship 29 : 



where Q (11.6 nF/cm 2 ) 30 and g m are the gate capacitance per unit 
area and the transconductance, respectively. Surprisingly, the elec- 
tron and hole mobilities (fi e and ;( ft ) of ambipolar ZnO film/graphene 
hybrid TFTs formed after 20 coating cycles (20ZnO/graphene) are 
dramatically improved to 329.7 ± 16.9 cm 2 /V - s and 133 ± 17 cm 2 / 
V - s, respectively, compared to those (|i e = 0.77 ± 0.49 cm 2 /V's) for 
the TFTs with a unipolar ZnO channel, which is significantly larger 
than those of Li, Na, K, Rb-doped ZnO (1.6 ~ 7.3 cm 2 /V-s) 31 , Ca, Ti, 
Au-capped IGZO (9.2 ~ 33.2 cnvVV's) 32 , and carbon nanotube 
incorporated IZO (1.9 ~ 140 cm 2 /V - s) (Fig. 3a,b) 33 . This is mainly 
due to the superimposed DOS reflecting both the n-type behavior of 
the ZnO thin film and the unusual electronic structure of graphene. 
In particular, the Fermi velocity v F is 1.05 X 10 6 m/s 34 , as extracted 
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from the slope of the linear dispersion of graphene; this affects the 
carrier mobility in the hybrid TFTs. Additionally, the u e and u h of the 
ZnO film formed by 30 cycles of coating/graphene hybrid TFTs 
(30ZnO/graphene) are 26.06 ± 8.26 cm 2 /V-s and 1.21 ± 0.6 cm 2 / 
V*s, respectively. For the graphene TFTs, the mobility becomes lar- 
ger for holes (1076 ± 359 cm 2 /V-s) than electrons (926 ± 296 cm 2 / 
V*s). From an electronic circuit standpoint, we established an applic- 
able model. Firstly, the conducting path of the charged particles in 
the ZnO/graphene hybrid TFTs seems to be ZnO — » graphene — * 
ZnO, because the graphene has a low resistance (Fig. 3d). Secondly, 
we considered the simplified circuit model that the ZnO thin film 
TFT consists of n parts of an individual ZnO TFT, and the ZnO thin 
film/graphene hybrid TFT consists of n' parts of an individual ZnO 
TFT since the resistance of graphene here can be ignored compared 
with that of the ZnO thin films. Namely, the field effect mobility of 
the ZnO thin film/graphene hybrid TFTs (uzno/graphene) is limited 
only by the in-grain and grain boundary scatterings on the ZnO thin 
films. Thus, the Uzno/graphene is described by the relationship 33 : 

r^ZnO / graphene SmZnO / graphene ft 
^ZnO gmZnO « 

In our system, the grain sizes of ZnO thin films are approximately 
40 nm (Supplementary Fig. S6). Thus, the channel of ZnO thin film 
TFT contains 5000 individual ZnO TFTs, whereas the channel of 
ZnO thin film/graphene hybrid TFTs contains 4 individual ZnO 
TFTs (the conducting path of electrons being: 2 ZnO — » graphene 
— » 2 ZnO) due to the ZnO thin film thickness (80 nm), in which the 
mobility enhancement factor {ri In) is 1250. The experimental and 
calculated values for Uzno/graphene as a function of the graphene depth 
(dgraphene; ZnO thin film thickness) in the ZnO/graphene hybrid film, 
which is associated with the n' parts of individual ZnO TFTs, were 
plotted (Fig. 3c). This result suggests that the two lines have a similar 
trend, indicating that our suggestion is reasonable. We anticipate 
that this discrepancy between the experimental and calculated values 
can be understood by the fact that the resistance of graphene is 
mainly due to carrier scattering at graphene grain boundaries and 
the fact that the contact resistance between the ZnO thin film and 
graphene were ignored. Additionally, assuming linear dependence 
between the experimental values for u Zn o/graphene and d grap h ene , the 
extrapolated mobility at d grapllf . ne = 0 is 934.8 cm 2 /V - s which is 
similar to the mobility extracted from the graphene TFT (926 cm 2 / 
V's) (Fig. 2e), indicating that our suggested model is reasonable. 

In conclusion, we established a facile methodology for fabricating 
ZnO thin film/graphene hybrid two-dimensional TFTs. The ambi- 
polar ZnO/graphene hybrid TFTs show outstanding carrier mobility 
(329.7 ± 16.9 cm 2 /V - s), a high on-off ratio (10 s ), and facile proces- 
sability, including solution processing and easy wet transfer. We 
further studied the origin of the ambipolar behavior of ZnO/ 
graphene hybrid TFT with high electron mobility using the super- 
imposed DOS concept and an applicable circuit model. Notably, these 
results open new opportunities not possible with ZnO-based TFTs in 
terms of their carrier mobility. In addition, the ZnO/graphene hybrid 
TFTs may be suitable for multifaceted applications that require low 
cost, a large area, transparency, and mechanical flexibility. 

Methods 

CVD growth of grapheme. Graphene was synthesized using conventional thermal 
chemical vapor deposition (TCVD). A 25-um-fhick Cu foil (Alfa Aesar, 99.8% purity) 
was used as a catalytic substrate for graphene growth. The Cu foil was heated to 
1050°C inside the TCVD reactor under 100 seem flow of H 2 gas at a pressure of —5 
Torr for 60 min. After this pre-annealing process, which was crucial for enlarging the 
Cu grains and establishing a smooth surface, CH 4 (2 seem) was introduced as a 
carbon feedstock with H 2 gas for 25 min to obtain graphene. The CH 4 gas was then 
turned off, and the TCVD reactor was cooled to room temperature under a flow of H 2 
gas. The synthesized graphene films were transferred onto Si0 2 (300 nm)/Si(001) 
substrates by a poly(methyl mefhacrylate)(PMMA)-assisted wet-transfer method 35 . 



Fabrication of the ZnO/graphene hybrid films. A single coating cycle for the 
formation of ZnO thin film/graphene consists of the following steps: the 0.05 M zinc 
acetate dehydrate (Zn(0 2 CCH 3 ) 2 -2H 2 0) was stirred in 2-methoxyethanol at 70°C 
for 5 min. A dilute ZnO solution was spin-coated onto the graphene/Si0 2 /Si 
substrates, in which the substrate rotation speed and time were 2000 rpm and 30 
seconds, respectively. Then, the substrate was immediately cured at 150°C for 1 min. 
The number of repeated coating cycles, consisting of spin-coating and curing 
processes, was adjusted in the range of 10 to 30, which is critical for controlling the 
thickness of ZnO thin films. The resulting films were post-annealed at 300°C for 1 h 
under ambient conditions. 
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